The molecular evolution of the histone multigene family was studied by cloning and determining the nucleotide sequences of the histone 3 genes in seven Drosophila species, D. takahashii, D. lutescens, D. ficusphila, D. persimilis, D.pseudoobscura, D. americana and D. immigrans . CT repeats, a TATA box and an AGTG motif in the 5' region, and a hairpin loop and purine-rich motifs (CAA(T/G)GAGA) in the 3' region were conserved even in distantly related species. In D. hydei and D.americana, the GC content at the third codon position in the protein coding region was relatively low (49% and 45%), while in D. takahashii and D. lutescens it was relatively high (64% and 65%). The non-significant correlation between the GC contents in the 3' region and at the third codon position as well as the evidence of less constraint in the 3' region suggested that mutational bias may not be the major mechanism responsible for the biased nucleotide change at the third codon position or for codon usage bias.
INTRODUCTION
The complete nucleotide sequence of the repetitive unit of the replication-dependent histone gene has been determined for D. melanogaster (Matsuo and Yamazaki, 1989a) , D.hydei (Kremer and Hennig, 1990; Fitch and Strausbaugh, 1993) , and D. simulans (Tsunemoto and Matsuo, 2001) , and most of the repeat unit has been determined for D. virilis (Schienman et al., 1998) .
In many multigene families, the gene members are known to have evolved in a concerted manner (Slightom et al., 1980; Ohta, 1980; Coen et al., 1982) . Comparisons of the genes between closely related species and between multiple repeats in the species are necessary to investigate the concerted evolution of the family. The nucleotide sequence differences among the H3 gene members within a gene family in D. melanogaster were approximately 0.4% (Matsuo and Yamazaki, 1989b) . However, the nucleotide divergence in the corresponding region between D. melanogaster and D. simulans , not restricted to the silent site, was approximately 5.8%. Likewise, the average nucleotide difference at silent site within H3 members in D. melanogaster was 0.0%, whereas that between D. melanogaster and D. simulans was 11.0% (Matsuo and Yamazaki, 1989b) . These results showed a concerted mode of evolution (Matsuo and Yamazaki, 1989b) . As well as gene conversion and unequal crossover, genome-wide codon usage bias was proposed as another factor responsible for the concerted evolution of histones (Matsuo, 2000a) . On the other hand, a birthdeath model of evolution has been proposed for the H3 and H4 histone gene family of dispersed type as well as for non-tandem but clustered histone repeats Rooney et al., 2002) .
At the genome level, the GC content at the third codon position varies between the genes of Drosophila species (Shields et al., 1988; Moriyama and Hartl, 1993; Anderson et al., 1993; Matsuo, 1996) . For instance, the GC content at the 3 rd position of the alcohol dehydrogenase gene is in the range of 54%-86% (Moriyama and Hartl, 1993) . This biased base composition at the third codon position may be related to biased codon usage (Shields et al., 1988) and the rate of nucleotide substitutions Moriyama and Gojobori, 1992) . Possible mechanisms producing biased codon usage are mutation bias and selection (Ikemura, 1985; Bernardi and Bernardi, 1986; Sharp et al., 1986; Shields et al., 1988; Kliman and Hey, 1994; Powell and Moriyama, 1997; Comeron et al., 1999) . Evidence for the importance of selective pressure is provided by the observation that codon usage bias is directly related to the level of gene expression (Sharp and Lloyd, 1993; Powell and Moriyama, 1997; Duret and Mouchiroud, 1999) and the rate of evolution .
Recently, Rodriguez-Trelles et al. (1999) reported a change in the GC content at third codon position for the Drosophila saltans species group. They concluded that the rapid change toward a low GC content in the saltans lineage reflects a shift in mutation pressure associated with diminished natural selection due to smaller effective population numbers. In the Drosophila melanogaster species subgroup, the patterns of nucleotide substitutions in the 5', coding and 3' regions of the H3 gene were studied (Matsuo, 2000b) . Synonymous substitutions in the coding region to A or T have occurred more frequently in contrast to the relatively high GC content. This suggested that the base composition at the third codon position of the H3 gene in the Drosophila melanogaster species subgroup was GC-rich in the past but has been changing recently to a lower GC content. To confirm this change further and to clarify the mechanism producing the codon usage bias, the nucleotide changes in a wide range of species other than the Drosophila melanogaster species subgroup should be studied for the H3 gene.
A replication-dependent histone gene unit of Drosophila melanogaster is repeated tandemly, approximately 110 times (Lifton et al., 1977) . The repetitive structure of this histone gene cluster has been analyzed for D. melanogaster (Saigo et al., 1981; Matsuo and Yamazaki, 1989a; Colby and Williams, 1993) and D.virilis (Domier et al., 1986; Schienman et al., 1998; Nagel and Grossbach, 2000) . There are two types of repeat unit differing in length, L (5.0kb) and S (4.8kb), which cluster together in D.melanogaster (Saigo et al., 1981; Matsuo and Yamazaki, 1989a) . Five histone genes (H1, H2A, H2B, H3 and H4) are coded in a single repeat unit regardless of length (Lifton et al., 1977; Matsuo and Yamazaki, 1989a) . However, an atypical histone unit lacking the H1 gene was found in D.virilis (Domier et al., 1986; Schienman et al., 1998; Nagel and Grossbach, 2000) .
In this study, the base compositions of the third codon position, codon usage bias and nucleotide changes in the H3 genes of seven Drosophila species were analyzed by cloning and sequencing of the H3 gene region. The mechanisms producing codon usage bias and those contributing to differences between species were discussed.
MATERIALS AND METHODS

Cloning of the H3 genes of Drosophila species
The strains of D. takahashii, D. lutescens, D. ficusphila, D. persimilis, D. pseudoobscura, D. americana and D. immigrans were kindly supplied by Dr. T. Yamazaki of Kyushu University, Japan. Genomic DNA was extracted from about 10 larvae for each species using a Sepa-Gene kit (Sanko Junyaku, Co., Ltd.). Amplification of the H3 gene region by PCR (Saiki et al., 1985) was conducted with primers H3F (GCGATGACGCTTGGCGC) and H3R (AGCGGACGTTGCAACTG). These primers are located at the heads of the H4 and H1 genes in the repetitive unit of the replication-dependent histone gene cluster, respectively (Matsuo, 2000b) (Figure 1 ). The conditions for PCR comprised denaturation at 94 ° C for 1 min, annealing at 55 ° C for 2 min, and polymerization at 72 ° C for 2 min, with extension for 5 sec. These reactions were repeated for 40 cycles. The PCR products were directly ligated into the pT7 Blue T-vector (Novagen) and then transformed into the E.coli host ( XL1-Blue strain).
Nucleotide sequencing
The genes were sequenced (Sanger et al., 1977) Data analysis Multiple sequence alignment and construction of a phylogenetic tree by the neighbor-joining (NJ) method (Saitou and Nei, 1987) were conducted using ClustalW (Thompson et al., 1994) . Nucleotide distances were estimated using the following models: Kimura's two parameter model (Kimura, 1980) with transition and transversion rates of 2.0; Tamura and Nei's model (Tamura and Nei, 1993) ; and Gojobori, Ishii and Nei's 6 parameter model (Gojobori et al., 1982) . A phylogenetic tree was drawn using DendroMaker (DM 4.1 J, developed by Dr. T. Imanishi of the National Institute of Genetics, Japan). The bootstrap value was obtained based on 1000 replications (Felsenstein, 1985) .
The effective numbers of codons, ENC (Wright, 1990) , for individual amino acids such as ENC-Leu and ENC-Ile were used as measures of the levels of codon bias (Powell and Moriyama, 1997) . ENC is the inverse of the homozygosity for codons, i.e., the probability that two randomly chosen synonymous codons are identical. If ENC is larger, it means lower codon bias.
RESULTS
Cloning and sequencing of the H3 genes of seven
Drosophila species The PCR products of seven Drosophila species, D. lutescens, D. ficusphila, D. persimilis, D. pseudoobscura, D. immigrans, D. takahashii and D. americana, each gave only a single major band on agarose gel electrophoresis (data not shown). The sizes of these products of five species, D. lutescens, D. ficusphila, D. persimilis, D. pseudoobscura and D. immigrans, were approximately 2.2 kbp each, i.e. the same as the corresponding region of the long histone unit of D. melanogaster (Matsuo and Yamazaki, 1989a; Matsuo, 2000b) . However, the lengths of the major PCR products of D. takahashii and D. americana were longer and shorter by several hundreds of base pairs, i.e. approximately 2.4 kbp and 2.0kbp, respectively. Different unit lengths in different species but a homogeneous length in a species indicate a concerted mode of evolution as to the length of the region. A minor faint band, which was not investigated, was observed for D. americana and D. ficusphila . The PCR products of the seven species were cloned into a plasmid vector and then the nucleotide sequences of their H3 gene regions for one representative clone from each species were determined. They were aligned with the published data for this region in D. hydei (Kremer and Hennig, 1990; Fitch and Strausbaugh, 1993) and the D. melanogaster species subgroup (Matsuo, 2000b) . Because of the large degree of variability, alignment could not be performed for the 3' region except for the hairpin loop and purine-rich regions.
Conserved sequences in the flanking regions of the H3 genes of Drosophila species In the 5' region of the H3 gene, a TATA box, a GAGA motif (CT dinucleotide repeats), (CT) n , and a GTGA motif and related sequence blocks (GTGA-like) are conserved in all species. The TATA box and GTGA motif have also been found in the four other histone genes ( H1, H2A, H2B and H4) in D. melanogaster (Matsuo and Yamazaki, 1989a) . The locations of these blocks in the H3 gene, 68-93 bp upstream of the start codon, were invariant in the Drosophila species studied. The repeat region for (CT) n , which may be related to transcriptional control (Gilmour et al., 1989) , is not highly conserved in these seven species. However, at least two repeats (CTCT) and similar repeats consisting of (TT) or (GT) were found in all species studied. A GTGA motif described previously as AGTGAAA (Matsuo and Yamazaki, 1989a) is located upstream of the start codon for translation. There are also several GTGA-like sequences between the TATA box and start codon suggesting a functionally important role. In the 3' region, the hairpin loop and the following CAA(T/G)GAGA motif described previously as a purine-rich region (Kremer and Hennig, 1990 ) are conserved in all species.
Analysis of the nucleotide sequence, base composition and codon usage of the H3 gene
The nucleotide sequences of the H3 gene regions of seven Drosophila species were aligned with other published H3 gene sequences for nine Drosophila species. All but two nucleotide differences in the protein-coding region found in the seven Drosophila species were synonymous changes. Only two nucleotide substitutions caused amino acid changes, i.e. Ser (AGT or AGC) at the 29th amino acid position to Gly (GGT) in D. pseudoobscura, and Asp (GAC or GAT) at the 124 th amino acid position to Gly (GGC) in D. persimilis. Nucleotide substitutions changing amino acids have also been found in members of the H3 gene family in D. melanogaster (Matsuo and Yamazaki, 1989b) and in the Drosophila melanogaster species subgroup (Matsuo, 2000b) .
In order to figure out the evolutionary history of the H3 gene region, the phylogenetic relationships of the histone 3 genes of 16 Drosophila species including the Drosophila melanogaster species subgroup and D. hydei were analyzed ( Figure 2 ). The resultant tree was consistent with those constructed for other genes, such as the alcohol dehydrogenase and amylase genes (Russo et al., 1995; Inomata et al., 1997) . Several different models for estimating distance: Kimura's two parameter model (Kimura, 1980) with transition and transversion rates of 2.0; Tamura and Nei's model (Tamura and Nei, 1993) ; and Gojobori, Ishii and Nei's 6 parameter model (Gojobori et al., 1982) , did not reveal any difference in topology.
The base compositions at the third codon positions in the H3 genes of the Drosophila species are also shown in Figure 2 . A lower GC content (44.9% and 49%) was found in D. americana and D. hydei , while a higher one (64.0% and 65.4%) was found in D. takahashii and D. lutescens . Five species, D. persimilis, D. pseudoobscura, D. immigrans, D. melanogaster and D. ficusphila, showed intermediate GC values (56.6%-59.6%).
The codon usage of the H3 genes in the seven Drosophila species is shown in the supplementary material. The usage of Leu and Ile codons was analyzed further because these codons were significantly different between species. The χ 2 values with degrees of freedom were 42.7 (d.f. = 24, P<0.05) and 17.7 (d.f. = 8, P<0.05) for Leu and Ile, respectively. Several other codons such as Ala, Glu and Arg might be used differently in different species but the χ 2 values in these cases were not significant probably because of the small numbers of codons used in the H3 genes. The tendency of codon usage for these amino acids was similar to that for Leu and Ile with regard to the GC content. The codon usages for Leu and Ile in D. melanogaster, D. ficusphila, D. hydei and D. americana were relatively AT(U)-rich compared to in other species. Namely, AT(U)-rich codons for Leu, UUA, UUG, CUU and CUA, and for Ile, AUU, were used more frequently than GC-rich codons in these species. Furthermore, a reduction in the codon usage bias expressed as the effective number of codons (ENC; Wright ,1990; Powell and Moriyama, 1997) in these AT-rich species was seen, especially for Leu ( Figure 2 ).
Comparative analysis of GC contents of the H3 gene regions
Mutational bias or selective pressure could be responsible for the bias of the codon usage in the genes (Ikemura, 1985; Bernardi and Bernardi, 1986; Shields et al., 1988; Moriyama and Hartl, 1993; Kliman and Hey, 1994; Akashi, 1995; Powell and Moriyama, 1997) . If mutational bias plays a major role in determining the GC contents in the 5' and 3' regions, and at the third codon position, the GC contents in these regions should be associated. It is therefore possible to examine this by comparing the GC contents in these regions of Drosophila species. Figure 3 shows the GC contents at the third codon position and in the 3' region of the H3 gene as well as in the 5' region in nine Drosophila species. The GC contents in the 3' region of Drosophila species were in a narrow range, 25%-34%, which is consistent with the finding for the Drosophila melanogaster species subgroup that the GC content in the 3' region of the H3 gene is nearly in equilibrium at around 30% (Matsuo, 2000b ). On the other hand, the GC contents at the third codon position in Drosophila species were more broadly distributed (44.9%-65.4%). The GC content in D. americana (44.9%) was significantly lower than those in D. melanogaster (58.1%; Z=2.18, P=0.03) , D. takahashii (64.0%; Z = 3.16, P = 0.002) , D. lutescens (65.4%; Z = 3.4, P = 0.001) , D. ficusphila (59.6%; Z = 2.43, P = 0.015), and D. immigrans (57.4%; Z = 2.06, P = 0.039). The GC content in D. hydei (48.5%) was significantly lower than those in D. takahashii (64.0%; Z = 2.58, P = 0.01) and D. lutescens (65.4%; Z = 2.81, P = 0.005). The GC contents at the third codon position (45%-65%) were always higher than those in the 3' (25%-34%) and 5' regions (39%-49%). Furthermore, the GC contents in different Drosophila species were not correlated between those in the 3' region and at the third codon position (r = -0.30, d.f. = 7,P > 0.05), although those in the 5' region and at the third codon position seemed to be correlated (r = 0.79, d.f. = 7, Fig. 3 . The GC contents at the third codon position and in the 5' and 3' regions of the H3 gene in nine Drosophila species. Black bars show GC% in the 5' region. White bars show GC% at the third codon positions of the H3 gene. Dotted bars show GC% in the 3' region. Downstream region from the purine-rich block except for particularly AT-rich site was regarded as the 3' region, since the particularly AT-rich site could be a scaffold attachment site. 0.01 < P < 0.05). The non-significant association of the GC contents in the 3' region and the 3 rd codon position suggests that mutational bias could not be the main factor(s) responsible for the GC contents in both regions. Since the selective constraint in the 3' region is weaker compared to in the coding and 5' regions of the gene (see Discussion), mutational bias, if any, has contributed to the GC content more strongly in the 3' region than in the coding region. Therefore, even if mutational bias is a major determinant of the GC content in the 3' region, it may not have contributed significantly to the GC content at the third codon position.
DISCUSSION
Conserved sequences in the flanking regions of the H3 genes in Drosophila species
The conserved sequence blocks in the 5' and 3' regions of histone genes have been identified more clearly than on comparison of the Drosophila melanogaster species subgroup (Matsuo, 2000b) . The TATA box for the H3 and H4 genes (Matsuo and Yamazaki, 1989a) is highly conserved at approximately the same location in seven Drosophila species, suggesting it is functionally active.
The (CT) repeats located 18-19bp and 18-25bp upstream of the TATA boxes for the H4 and H3 genes, respectively, were reported to comprise a binding site for a transcription factor (Gilmour et al., 1989) . Although the number of (CT) repeats expressed as (CT) n in D.melanogaster (Matsuo and Yamazaki, 1989b) is highly variable among repetitive units within and between chromosomes (9 < = n < = 15), the repeat number from clones of other seven species in the melanogaster subgroup was the same (5) (Matsuo, 2000b) . In more distantly related Drosophila species studied here, however, the number of repeats was variable among species. In D. americana and D. immigrans, there were a few (TC) repeats and similar sequences (CT or TT) in the corresponding region. These facts suggested that the CT repeat number may have some species-specific function.
The AGTG or AGTG-like sequences, previously described as the AGTGAA motif in D .melanogaster (Matsuo and Yamazaki, 1989a) and also found in D.hydei (Kremer and Hennig, 1990) , are conserved in the TATA box and start codon for the H3 and H4 genes in seven Drosophila species. These sequence blocks were also found in other histone genes, H1, H2A and H2B, in D. melanogaster (Matsuo and Yamazaki, 1989a) and D. hydei (Kremer and Hennig, 1990 ), suggesting a histone gene-specific function.
In the 3' region of the H3 gene, the hairpin loop block and purine-rich sequence, CAA(T/G)GAGA, were conserved in all Drosophila species studied. These blocks are related to the 3' processing of mRNA (Birchmeier et al., 1982) and the binding site for snRNA (Mowry and Steits, 1987; Soldati and Schumperli, 1988) , respectively. In addition to that a putative polyA signal was observed for five histone genes, H1, H2A, H2B, H3 and H4, in D.melanogaster (Matsuo and Yamazaki, 1989a) , the presence of polyadenylated mRNA for replication-dependent histones was reported recently (Akhmanova et al., 1997) . For five of the Drosophila species studied here the polyA signal sequence for the H3 gene was found at the corresponding position, but apparently not for D. ficusphila and D. takahashii. Except for these blocks, the 3' region was so highly divergent that it could not be aligned among the species. These results, as well as previous ones for the D. melanogaster species subgroup (Matsuo, 2000b) , suggest an absence of functional constraint in the 3' region, except for the conserved blocks.
Mechanism producing the differences in codon usage between species Mutation bias and selection pressure have been proposed as candidate mechanisms producing codon usage bias (Ikemura, 1985; Bernardi and Bernardi, 1986; Shields et al., 1988; Moriyama and Hartl, 1993; Kliman and Hey, 1994; Akashi, 1995; Powell and Moriyama, 1997) . In Drosophila, no significant effect of mutation bias on codon usage bias has been suggested (Moriyama and Hartl, 1993) . Kliman and Hey (1994) , however, reported that about 10% of the codon usage bias has been produced through mutation bias. Since the chromosomal locations of genes could cause differences in the rates of mutation (Wolfe et al.,1989) and recombination (Kliman and Hey, 1993; Begun and Aquadro, 1992) , the effects of mutation bias in the H3 gene region should be analyzed to elucidate the mechanism generating codon bias. The location of histone gene loci in D. melanogaster is near the centromere, therefore the rate of recombination should be low. However, the location of histone gene loci has not been studied for all species studied. By comparing the GC contents in the coding and 3' regions, it was shown that mutation bias could contribute to the pattern of nucleotide substitutions in the 3' region but not significantly to that in the coding region. There might be a selective constraint on the 3' region such as the effect of the local nucleosome structure or the structure of mRNA, however, these effects may be very small. Analysis of the histone gene regions in the closely related Drosophila species showed that the evolutionary rate in the 3' region was higher than in any other part (Matsuo, 2000b) . Therefore, the constraint on the 3' region is weaker than in other regions. Less constraint means the effect of mutation bias, if any, will be stronger on the 3' region than other regions. If there is no effect of mutation bias in the 3' region, there is no effect in any other regions. Therefore, the effect of mutation bias might not be so large. These results suggest that the bias in GC content at the third codon position and codon usage bias were caused most likely by selective pressure. The importance of selective pressure as to codon usage bias in Drosophila (Shields et al., 1988) was also inferred from the association to the rate of evolution and the level of gene expression (Sharp and Lloyed, 1993; Powell and Moriyama, 1997; Duret and Mouchiroud, 1999) . However, the possibility of biased gene conversion or nonstationarity of the GC content cannot be ruled out.
In two species, D. hydei and D. americana, the GC contents level was low, that is, AT-rich. Furthermore, a reduction in the bias for codon usage was observed in these species. These features of the nucleotide changes were very similar to those found for non-constrained regions such as introns (Moriyama and Hartl, 1993) , a part of transposons (Petrov and Hartl, 1999) , and the 3' non-coding region (Matsuo, 2000b) . Therefore, the selective pressure (in negative direction) in these two species may have become less effective for some reason. These results suggest that purifying selection against A and T occurs to generate codon bias; however, in several branches the effectiveness of selection has been reduced. Possible explanations for the reduced effectiveness of selection found in several branches are 1) the selection intensity itself has become lower, 2) the direction of selection has changed through environmental changes, or 3) the effectiveness of selection has decreased because of changes in the population size (Ohta, 1972) or recombination rate (Kliman and Hey, 1993; Comeron et al., 1999) . Although the first two explanations can not be completely excluded, I prefer the third explanation, especially the reduction in the population size. In the nearly neutral mutation hypothesis, selection is more effective than drift in a large population, but the opposite holds for a small population (Ohta, 1972 (Ohta, , 1992 . The selection intensity for codon bias, which must be very small, could be at the border of nearly neutral (Hartl et al., 1994; Akashi and Schaeffer, 1997) . If the population size changed in the past, then the selective constraint in the present should be stronger or weaker depending on the population size. When the size becomes greater, purifying selection for third codon position will work effectively, while the size becomes smaller, the selection will not occur effectively. The GC contents in the common ancestor of D. hydei and D. americana might have been decreased in these species. The nucleotide substitutions at the 3 rd codon position of the H3 gene in the common ancestor deduced on PAML analysis (Yang, 1999) have been more frequently to A or T than to G or C (11:2). Relaxation of selection may have occurred in the common ancestor of D. hydei and D. americana, probably because of a decrease in the population size. Recently, a shift in the GC content at the third codon position in the saltans group was studied for Xdh, Adh and several other genes (Rodriguez-Trelles et al., 1999 . They concluded that the rapid change toward a low GC content in the saltans lineage is due to a shift in mutation pressure. However, in the H3 gene region of the Drosophila species studied, a shift in mutation pressure is unlikely because the equilibrium frequencies of nucleotides in the 3' region have not changed in the Drosophila species. Therefore, the discrepancy, cause of the GC content difference is a shift in mutation pressure or relaxation of selection, could be due to differences in the species group, saltans group vs D.hydei and D.americana or loci studied, Xdh and Adh vs H3.
The generality of the above hypothesis, reduced purifying selection due to a small population size, should be checked for other genes. However, the codon usage that has changed between species in the H3 gene is not H3 gene-specific, suggesting that a genome-wide factor must be responsible for the changes (Matsuo, 2000a) . This can be examined by analyzing the codon usage of other genes in these Drosophila species.
